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Abstract

We are developing and using the aerosol extinction and backscattering profiles measured by two Raman lidar
systems to validate the aerosol climatology models used by two Terra sensors, MODIS and MISR. The aerosol
retrieval agorithms used by these EOS sensors operate by comparing measured radiances with tabulated radiances
that have been computed for specific aerosol models. These aerosol models are based almost entirely on surface
and/or column averaged measurements and so may not accurately represent the ambient aerosol properties.
Therefore, to validate these EOS algorithms, we have developed and are using the aerosol backscattering and
extinction profiles measured by the CART Raman Lidar (CARL) to determine how the aerosol properties over the
SGP site vary with altitude and time. Additiona activities involve the use of the aerosol profiles measured by the
GSFC Scanning Raman Lidar (SRL) during periodic field experiments to perform similar assessments. We have
begun using these lidar aerosol and water vapor measurements for directly validating these Terrainstruments.

SGP CART Raman Lidar Instrument Status:

During February 1999, laser flashlamps and laser rod were replaced. An uninterruptable power supply (UPS)
was installed to keep the system running during frequent brief A/C power interruptions.

During March 1999, alaser amplifier was replaced.

System was down during June 1999 and most of July 1999 in order to replace flashlamps, acquire and replace a
new laser high voltage wiring harness, and to repair the THG (tripler) crystal. System resumed normal
operationsin August 1999.

Upgraded system software for Y 2K compliance, repaired damaged laser optics, realigned aft optics, and
acquired calibration datasets in September 1999.

Replaced laser amplifier cladding and realigned beam expander in November 1999.

Faulty MCS card prevented acquisition of depolarization data during January 2000.

Installed temperature and humidity sensorsinside trailer and installed new picomotor driver in February 2000.
Between May 1999 and April 2000, CART Raman Lidar operated about 56% of the time. During March and
April 2000, and at the present time, the system is running approximately 95% of the time. (Figure 1).

39 Year (5/99-4/00) Objectives

Continue with routine processing of CART Raman lidar data.

Continue evaluation of CART Raman lidar aerosol extinction and optical thickness algorithms and retrievals.
After above evaluations, we shall place the code for all the CART Raman lidar aerosol and water vapor
products on the ARM Experiment Center. These algorithms will then run automatically and will place netCDF
files of output products at the ARM Archive for public access. We anticipate this to occur by fall, 1999.

With processing of about 1 year of data complete, we are beginning to examine on statistical basis, properties of
aerosol extinction and optical thickness and water vapor and relative humidity profiles derived from CART
Raman lidar data. We intend to characterize how the vertical distribution of aerosols varies. We expect this
work to carry on through summer and fall, 1999.

We are presently working with NASA GSFC to develop necessary software and procedures to acquire and work
with MODI S aerosol and water vapor data. We plan to have this software in place by the time MODIS level 2
data become available, which is about 60 days after launch.

We plan to acquire MODIS level 2 aerosol and water vapor data over the ARM CART site on adaily basis,
when they become available. Once we acquire these data, we shall then begin comparisons of aerosol optical
thickness and precipitable water vapor between the CART Raman lidar and MODIS and MISR to validate these



measurements. We shall also begin to characterize the vertical distribution of aerosol extinction during the
MODIS and MISR retrievals. We anticipate that these activities will require several months of coincident
Raman lidar and MODI S and MISR measurements to acquire sufficient statistics for meaningful comparisons.

Data Processing Progr ess/Status:

A series of Value Added Procedures (V APs), which we developed to use the CART Raman lidar data to
routinely produce several data sets used to characterize the clear-sky state over the SGP site, were implemented
to run routinely at the Dept. of Energy Atmospheric Radiation Measurement (ARM) Experiment Center. The
output products from these VAPs included a series of netCDF files that include the profile results as well as
several quick look GIF images to show the results of this processing. These VAPS include:

MR VAP (water vapor mixing ratio and relative humidity profiles)

ASR VAP (aerosol scattering ratio and backscatter coefficient profiles)

EXT VAP (aerosol extinction coefficient and extinction/backscatter ratio)

DEP VAP (depolarization and cloud mask profiles).
Automated algorithms to derive aerosol scattering ratio, backscattering, and extinction profiles from the SGP
CART Raman Lidar data were recently upgraded to improve performance during conditions of low aerosol
loading. The corresponding VVAPs discussed above were also updated at the ARM Experiment Center.
These aerosol and water vapor profiles (Raman lidar) and temperature profiles (AERI+GOES) have been
combined into a single "best estimate” (BE) VAP that takes advantage of both active and passive remote sensors
to characterize the clear sky atmospheric state above the CART site. The productsincluded in this BE VAP are
profiles of water vapor mixing ratio, relative humidity, aerosol backscatter coefficient (at 355 nm), aerosol
extinction coefficient (at 355 nm), temperature (from AERI+GOES retrievals), potential temperature (from
AERI+GOES retrievals), total precipitable water vapor, aerosol optical thickness (at 355 nm), linear
depolarization ratio, cloud mask. The characteristics of these products are listed in Table 1. ThisBE VAP has
also been implemented to run routinely at the ARM Experiment Center.
The "best estimate” algorithms have been used to derive profiles for the following periods

September 1996 (Water Vapor 10P #1)

September-October 1997 (Water Vapor |OP#2, Aerosol 10P)

April 1998 through present (May 2000)
The "best estimate” data have been processed and are available in netCDF form by contacting either Ferrare or
Turner or are available from the ARM experiment center. A web site showing these results for the periods listed
above has been established at http://yard.arm.gov/~turner/raman_lidar quicklooks.html. Figure 2 shows
examples of these images for a single day (December 3, 1998).
We are presently acquiring MODI S level 2 products 04, 05, 06, and 07 as they are processed on the NASA
GSFC Windhoek processing computer. We have begun analyzing these data and comparing MODI S results
with ARM SGP measurements.

Science Results

Water Vapor, Temperature, and Aerosol Optical Thickness Evaluations

As part of the routine diagnostics, the CART Raman Lidar (CARL) water vapor mixing ratio profiles were
compared with water vapor profiles measured by Vaisala radiosondes launched at the SGP site. Over 500
lidar/radiosonde profile comparisons examined between April 1998 and October 1999 showed that the unscaled
radiosondes were about 3-5% drier than the lidar. When the radiosonde water vapor mixing ratio was scaled to
match the microwave precipitable water vapor amount, the scaled radiosonde and lidar water vapor profiles
agreed generally within 1-2%. Figure 3 shows these results.

The AERI+Model temperature profiles were a'so compared with temperature profiles measured by Vaisaa
radiosondes. Over 450 AERI+model/radiosonde profile comparisons showed that rms temperature differences
werelessthan 1 K, with the AERI+Model dightly (~0.25 K) warmer. Figur e 4 shows the comparison.

Aerosol optical thicknesses (AOT), which are computed by integrating the Raman lidar aerosol extinction
profiles between 0-6 km, have been compared with simultaneous and independent measurements of AOT made



by a Cimel sun photometer at the SGP CART site (Figure 5). The lidar and sun photometer AOT values
generally agree, with about a 5% bias difference. Of this difference, 3.5% can be explained by the wavelength
dependence of aerosol extinction between the two wavelengths (340 nm vs. 355 nm). The CARL AOT aso
generally show good agreement with the Cimel AOT when compared as a function of season (Figure 6).

Vertical Variability of Aerosols and Water Vapor

The Raman lidar aerosol extinction, water vapor, and relative humidity profiles have been used to examine the
vertical variability of aerosols and water vapor. Figur e 7 shows the average aerosol extinction profiles for
various ranges of AQT for data acquired between April 1998 to January 2000. The solid points on this graph
indicate the scale height of the aerosols. Figures 8 and 9 show the same for water vapor mixing ratio and
relative humidity. The aerosol scale height was between 1.0-1.2 km during the winter but rose to nearly 2 kmin
the summer. This behavior isin contrast to the scale height for water vapor mixing ratio, which remained nearly
the same (2.0-2.5 km) during winter and summer. (Manuscript submitted to JAM: “ Automated retrievals of
aerosol extinction and backscatter coefficient profiles from a Raman lidar”, D.D. Turner, R.A. Ferrare, L.A.
Heilman, W.F. Feltz, and T. Tooman).

The CARL aerosol extinction profiles also show that considerable aerosol |oading often existed in elevated
layer above the boundary layer. Figure 10 shows an example when smoke from firesin Central Americawere
observed over the ARM SGP CART site. Of particular importance in this case is the profile of the aerosol
extinction/backscatter ratio (S,) derived from the CARL data and which isaso shown in thisfigure. Since S,
varies with changes in the aerosol size distribution and/or aerosol composition, variations in the vertical profile
of S, indicate that the aerosol size distribution and/or aerosol composition varied with atitude. In this example,
the value of S,= 55 sr observed for the boundary layer aerosolsis typical of the aerosols observed over the SGP
site. In contrast, the value of S,= 90 sr observed for the elevated aerosol layer between 3-6 kmistypical for
biomass burning aerosols. We used aerosol size distributions derived from the Cimel Sun photometer sun and
sky radiance measurements to show that the biomass burning aerosols are consistent with the CARL S,
measurements.

We examined the aerosol extinction/backscattering profiles derived from the CARL measurements to determine
the how often aerosol optical and physical characteristics vary with altitude as in the case described above. In
this study, we computed the standard deviation (due to atmospheric variability) of S,in avertical column. For
cases when the AOT at 355 nm was greater than 0.3, Figure 11 shows that, for data acquired between April
1998 and April 1999, in about 20% of the cases the standard deviation of S, due to atmospheric variability was
greater than 10 sr (or 15%). Thistype of variability issimilar to that shown in Figure 10 for the smoke
aerosols. Inthese cases of high S, variability, the aerosol size distribution and/or composition varied
significantly with atitude. Since the aerosol parameters derived from the MODI S retrieval s represent column
averages, this suggests that these column averages may not accurately represent the true aerosol characteristics
in asignificant number of cases.

Analyses of Aerosol Optical and Physical Char acteristics and Relationship with Relative Humidity

The CARL retrievals of S, were compared with the aerosol size parameters derived from coincident sun and sky
radiance data measured by a Cimel Sun photometer data. An inversion procedure, which has been devel oped
by Oleg Dubovik at NASA/GSFC, uses the Cimel direct solar and the sky brightness measurements to derive
column-averaged aerosol size distribution, complex refractive index, and single scattering albedo, aswell asthe
aerosol extinction/backscatter ratio. Figure 12 shows a comparison of the CARL and Cimel S, values as well
as how these values vary with wavelength. Figure 13 shows that the CARL S, values are linearly correlated
with the fine (accumulation) mode volume median radius as well as the volume ratio (fine/coarse). This shows
that the CARL S, measurements may be used to indicate particle sizes.

The CARL data have also been used to investigate how aerosol extinction and the aerosol extinction/backscatter
ratio vary with relative humidity. Figure 14 shows an example of how CARL data have been used to observe
the increase in aerosol extinction with relative humidity near the top of the daytime boundary layer. We have
examined measurements from several of these days to show the dependence of aerosol extinction and S, on
relative humidity. Figure 15 shows that the ratio of aerosol extinction at RH=80% to that at RH=30% is about
1.9 +/- 0.4 which is not inconsistent with the values derived from the SGP surface in situ measurements. The



increase in S, with relative humidity also shown in Figure 15 is consistent with that modeled for “ continental
aerosols’.

MODIS Product Validation

We have presently acquired MODIS level 2 products 04, 05, 06, and 07 since day 57 (Feb 26, 2000) from the
NASA GSFC Windhoek computer.

We have begun comparisons of corrected optical depth land (MODO04), water vapor (IR), and water vapor (near
IR) (MODOQ5) and the corresponding measurements from the ARM SGP sensors. Figure 16a shows initial
comparisons of aerosol optical thickness (AOT) and Figure 16b shows initial comparisons of precipitable water
vapor (PWV). Theseinitial comparisons show considerable scatter between the MODI'S and Raman lidar
measurements. This scatter may be due to cloud contamination of MODI'S products, temporal and spatial
variability within the comparison location, and incorrect assumptions of the surface albedo around the ARM
SGP area. We are continuing to acquire these data and investigate these AOT and PWV differences.

Comparison of SRL measurements and GOES

Using NASA/GSFC Scanning Raman Lidar (SRL) measurements of cirrus cloud optical depth and water vapor
acquired at Andros Island, Bahamas in 1998, we have studied the sensitivity of thin cirrus clouds on GOES
retrievals of total precipitable water. A comparison of SRL total precipitable water, GOES retrieved precipitable
water and cirrus optical depth is shown in Figure 17. (Manuscript submitted to JGR: “Raman lidar
measurements of water vapor and cirrus clouds during the passage of hurricane Bonnie”, D.N.Whiteman,
K.D.Evans, B.Demoz, D.O’'C.Starr, D.Tobin, W.Feltz, G.J.Jedlovec, S.I. Gutman, G. K. Schwemmer, M.
Cadirola, S. H. Médfi, F. J. Schmidlin).

This study concluded that satellites must be able to detect thin cirrus clouds with IR optical depths aslow as
0.005 in order to avoid errorsin retrieved total precipitable water. These same techniques will be used to
compare SRL and MODIS during the WVIOP thisfall.

Cirrus Multiple Scattering Calculations and Particle Size Retrieval Algorithm

The influence of multiple scattering on lidar measurements of cirrus cloud optical depth has been studied. An
iterative technigque has been developed which allows the multiple scattering component of the signal to be
removed. This technique also derives bulk extinction to backscatter ratio as well as the equivalent cirrus particle
radius. In this context, equivalent particle radius means the radius of the sphere that has equivalent diffraction
properties as the cirrus crystals. An exampleis shown in Figure 18.

SRL measurements of cirrus clouds were made at GSFC during the Terra overpass on the night of April 13. The
MODIS datafor this case are not yet available but when the data are available, we will compare lidar derived
optical depth to that of MODIS. Additional comparisons between the SRL and MODIS will be made at GSFC
in preparation for the deployment at the SGP CART site in September.

Collaborations

Have been in extensive contact with MODI'S atmospheres team (Y oram Kaufman, Lorraine Remer) regarding
use of CART Raman lidar data for characterizing vertical distribution of aerosols

Have been working with Bill Ridgway and Eric Moody (NASA GSFC) in acquiring MODI S data products and
in producing a subset of these products over the ARM SGP site.

Collaborated with Randy Peppler (Univ. of Oklahoma) in multi-sensor study of smoke from Central America
firesover CART site. This paper has been accepted for publication by the Bulletin of the American
Meteorological Society. (seealso http://parker.gen.ou.edu/~cimms/ARM/smoke.html and
http://www.arm.gov/docs/documents/technical/conf 9903/author.html#P)

Collaborated with Seiji Kato (Hampton U/NASA LaRC) in comparison of aerosol optical thickness profiles
measured by CART Raman lidar and aircraft in situ sensors. This paper was accepted for publication by
Journal of Geophysical Research-Atmospheres.




At the second Global Aerosol Climatology Program (GACP) meeting, we gave a presentation explaining the
CART Raman lidar aerosol measurements and how these may be used for compiling an aerosol climatology.
At the request of Dr. Tom Ackerman (DOE ARM Chief Scientist), two of us (Ferrare, Turner) are now co-
chairman of the ARM Aerosol Working Group. We are working to coordinate ARM aerosol activities.

Data ar chival and access

"Best estimate” data have been processed and are available in netCDF form by contacting either Ferrare or
Turner. These data cover the periods: September 1996 (Water Vapor 10P #1), September-October 1997 (Water
Vapor I0P#2, Aerosol 10P), and April 1998 through the present (May 2000). A web site showing these results
for the periods listed above has been established at http://yard.arm.gov/~turner/raman lidar _quicklooks.html.
We are in the process of placing these files on the ARM archive
(http://www.archive.arm.gov/data/ordering.html) where they will be available for public access. We anticipate
that thiswill occur by June 2000. Best estimate products are being produced on a routine basis by automated
software at the DOE ARM Experiment Center. These data are also available from the ARM Archive.

Web pages

Main validation web page: http://yard.arm.gov/~turner/EQS validation/
"Best-estimate” quicklook images: http://yard.arm.gov/~turner/raman lidar_quicklooks.html
Related URL: http://yard.arm.gov/~turner/doe aerosols.html

FYO01 Planned Activities

CART Raman Lidar data processing

We shall continue with routine processing of CART Raman lidar data and will monitor production of aerosol,
water vapor, and best estimate products by ARM Experiment Center.

We shall continue to evaluate CART Raman lidar aerosol extinction and optical thickness algorithms and
retrievals with comparisons with Cimel Sun photometer data and other sensors. We shall extend our analyses of

aerosol and water vapor vertical variability and relationship to relate humidity with the data collected on an
ongoing basis.

MODIS and MISR data evaluation

We shall continue acquiring MODIS data on aregular basis. We shall compare MODI S retrievals of aerosol
optical thickness (AOT) and precipitable water vapor (PWV) with those derived from ARM SGP Raman lidar
(AQT, PWV) and microwave radiometer (PWV). We shall also evaluate how the MODI S retrievals of aerosol
Angstrom exponent compare with the CARL retrievals of the aerosol extinction/backscatter ratio.

We shall begin acquisition of MISR aerosol level 2 data as they become available from the Langley DAAC. We
shall compare MISR retrievals of aerosol optical thickness (AOT) with those derived from ARM SGP Raman
lidar.

We shall also begin to characterize the vertical distribution of aerosol extinction and water vapor during the
MODIS and MISR retrievals.

NASA/GSFC Scanning Raman Lidar (SRL)

The SRL will be deployed to the ARM SGP Site to acquire high resolution measurements of water vapor and
aerosols as part of the ARM/FIRE Water Vapor |OP Experiment (AFWEX). (This deployment is funded by the
DOE.) The high resolution SRL measurements of aerosols and water vapor will be used to directly assess the
measurements of MODIS and MISR as well asto assess the low altitude measurement capability of the upward-
looking CART Raman lidar.

Newly implemented aerosol Value Added Procedures (VAPs) using data from the DOE CART Raman lidar,
which are a part of the automated data stream generated at the northern Oklahoma CART site, will be tested



using scanned data from the SRL. Assumptions about the vertical distribution of aerosols are made in these
routines which can be tested using the data acquired by the SRL.
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Figure 1. Percentage of run time for CART Raman lidar during each month from August 1997 to May 2000.

Table 1. CART Raman Lidar/AERI+Model Clear-Sky Product Parameters

Altitude Vertical Nominal Error Precison Detection
Range Resolution  Temporal Limit
Resolution
Aerosol 0.060-8 km 5-10% 0.0002-0.0004 km-sr~
Backscattering
(355 nm)
Aerosol Extinction 0.1-8 km 150-500 m | 10 min 5-10% | 5% 0.02-0.03 km™
(355 nm)
Aerosol Optical - - 10 min 5%or | 5% 0.03
Thickness (355 nm) 0.03
Water Vapor Mixing | 0.060-8km | 78 m 2-10 min 5% 2% 0.002 g/kg
Ratio (night)
0.060-4 km
(day)
Relative Humidity 0.060-8km | 78 m 2-10 min 5% 5% 1%
(night)
0.060-4 km
(day)
Precipitable Water - - 10 min 5% 5% 2mm
\ apor
Linear Depolarization | 1-14 km 39m 1-10 min 10% 2%
Temperature 0-3km 100 m 8 min 1K 1K
(AERI+Model) (AERI) -1km
3-15
(Model)
Cloud Base Height 0.060-14 km | 78 m 1-10 min 78m | 39m 0.060 km
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Figure 2. Example of CART Raman lidar water vapor (left) and aerosol (right) “quicklook” images for December 3, 1998.
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Figure 3. Comparison of CART Raman lidar and V aisala radiosonde profile measurements.

water vapor profile measurements.
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Figure 5. Comparison of AOT measured by Cimel Sun photometer and Raman lidar.
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Figure 6. Comparisons of mean AOT from coincident samples from the CIMEL (open circles) and Raman lidar
(solid squares) as a function of season. These are log-log plots. There were 225, 571, 562, and 1127 cloud-
screened comparisons in the winter, spring, summer, and fall seasons, respectively. The solid lines represent the
mean wavelength relationship, while the dotted lines are three times the standard deviation about this mean.
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Figure 7. Mean extinction profilesasa
function of aerosol optical thickness (AOT)
and season for datafrom April 1998 —
January 2000. The inset histograms indicate
the distribution of the samples as afunction
of AOT bin for each season.
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Figure 8. Mean water vapor mixing ratio profiles
as afunction of season and total precipitable
water vapor for data from April 1998 — January
2000. The inset histograms indicate the
distribution of the samples as a function of PWV
for each season.
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Figure 9. Same as figure 8, except these are
mean relative humidity profilesinstead of

mean mixing ratio profiles.



Altitude (km)

!
MR
1 b i !5
¥ o K
1
' |
‘ 1,
: | f)
wt ! g ! £
o :
%]
17.2 174 176 178 180 182 184 186 188 19.0 -
e
<
. A 870 @
Volume Size Distributions Ta sate fms -g
0.15 ——rrT——r—— =
C —=— 0,027 May1§ 22:22UTC g
R Y | T T T T 0.029 May16 00:10UTC
_ ——0.035 May17 00:10UTC
5 01 L e () 224 May13 13:12U7C
B s () 357 May19 00:11UTC
g :
— 005 F
= L
£
3
=
0 L
0.01

Radius(micron)

Aerosol Extinction/Backscatter Ratio (sr)

620 30 40 50 60 70 80 90 100 110
] T T T T T % T
I =
- x
5-. = .
; Extinction/Backscatter Ratic0QV——
h —
4 =
=
==
=
3 % == }
1 ==
2] May 17 (22:15 UT) - May 18 (03:40 UT)
1- = ]
] Extinction
0 —7r1tr r r - r 1 1t 1r - 17
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Aerosol Extinction (km™)
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Figure 11. Standard deviation of S, in avertical
column due to atmospheric variability for CART
Raman lidar data acquired between April 1998

and April 1999. Top graph shows standard

deviation in steradians and bottom graph shows

this as a percentage of the measured S,
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Figure 14. Images showing CART Raman lidar measurements of
relative humidity (top) and aerosol extinction (bottom) on August
15, 1998
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(bottom) as afunction of relative humidity for cases of
hygroscopic aerosol growth near the top of the daytime
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Figure 17. Comparison of Scanning Raman Lidar measurements and retrieved
products from GOES satellite. The SRL measurements are from Andros
Island, Bahamas in August, 1998. Lidar measurements of cirrus cloud optical
depth and total precipitable water (TPW) are shown along with retrieved TPW
from GOES satellite using single pixel retrievals of TPW from GOES for the
pixel that contained the SRL location. No cloud-clearing was performed in
order to study the influence of thin cirrus clouds on satellite radiances. The
SRL TPW indicated relatively constant values of TPW during the
measurement period while the satellite derived values approached the SRL
measurements only for values of cirrus optical depth of approximately 0.005.
This study indicated that thin cirrus clouds dominate the radiance viewed by
satellites. Also, the biasin TPW due to the presence of cirrusis consistently
toward higher valuesindicating that it is particularly important that satellite
cloud-clearing algorithms be able to detect thin cirrus clouds. To the degree
that undetected cirrus clouds contaminate the global satellite database of
TPW, there should be a consistent high bias in the estimates of global TPW
and thus greenhouse feedback.
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Figure 18. The results of an iterative cirrus cloud retrieval
technique are shown. This technique uses the cirrus cloud
optical depths calculated at different atitudes and the lidar-
derived cloud backscatter coefficient to simultaneously
correct for the influence of multiple scattering on cloud
optical depth aswell as to determine the bulk
extinction/backscatter ratio and the radius of the sphere with
the same bulk diffraction properties measured in the cloud.
The uncorrected optical depth calculations done at 17 km
(black) and 20 km (red) are shown to illustrate the influence
of the choice of upper reference altitude on the calculated
optical depth. The optical depth, after correction for optical
depth, is shown in green. Bulk extinction to backscatter ratio
is shown in blue and the particle radiusis plotted in purple.



